INTRODUCTION
============

Glioma is the most common and aggressive type of primary brain tumor, accounting for 30% of all brain and central nervous system tumors and 80% of all malignant brain tumors.^[@R1]^ Numerous tumor grading systems are used, but the most common system used for glioma is the World Health Organization (WHO) classification, which grades glioma from I to IV; this grade is further stratified into well-differentiated low-grade glioma (WHO grade I--II) and high-grade glioma (anaplastic glioma, WHO grade III, and glioblastoma, WHO grade IV).^[@R2]^ The overall prognosis for glioma is closely related to the WHO grade. The prognosis of malignant glioma remains extremely poor despite recent significant advances in treatment using a combination of multidisciplinary therapeutic approaches, such as surgery and chemotherapy with or without radiotherapy. Indeed, the median survival duration is less than 1 year,^[@R3]^ and 75% of glioma patients in the United States die within 5 years of diagnosis.^[@R4]^ Nonetheless, as the prognosis of gliomas remains heterogeneous, the identification of diagnostic and prognostic markers of glioma is urgently needed to devise more effective individually targeted therapies for this disease.

Cytoplasmic polyadenylation element binding protein 4 (CPEB4) is a sequence-specific RNA-binding protein that participates in translational control. CPEB4 is a member of the CPEB family, which includes CPEB1, CPEB2, CPEB3, and CPEB4, all of which share structure and sequence identity in the C-terminal RNA-binding domain (RBD). CPEB2, CPEB3, and CPEB4 are more closely related to each other than to CPEB1. For example, CPEB2 to 4 exhibit 96% and 25--35% sequence identity in the RBD and N-terminal regulatory regions, respectively, but they share only 45% sequence identity with CPEB1 in the RBD region.^[@R5]^ Recent studies suggest that CPEB4 regulates a wide range of biological processes involved in tumor and progression, such as tumor cell growth, vascularization, invasion, and metastasis.^[@R6]--[@R8]^ Moreover, CPEB4 is overexpressed in some human tumor types, including pancreatic ductal carcinoma and the glioblastoma (WHO grade IV) cell line T98.^[@R6]^ However, the CPEB4 expression level in human glioma cell lines and normal brain tissue, the correlation between positive CPEB4 expression and the pathological grade of glioma tissue, and the significance of CPEB4 expression to the clinical prognosis of glioma patients remain unclear. This study aimed to explore the value of the determination of CPEB4 expression for elucidating the mechanism of glioma, guiding clinical diagnosis and treatment, and providing an experimental basis for further investigation. Therefore, we investigated the expression and clinical significance of CPEB4 in glioma tissue of different WHO grades, in normal brain tissue and in human glioma cell lines.

MATERIALS AND METHODS
=====================

Patients and Tissue Specimens
-----------------------------

Paraffin-embedded tissue samples from 229 patients with glioma (WHO I--IV) and 4 freshly prepared samples \[B958 (normal brain tissue), B099 (WHO I), B430 (WHO III), and B315 (WHO IV)\] were obtained from the archives of the Department of Pathology, Cancer Center, Sun Yat-Sen University, Guangzhou, China, between 1998 and 2008. The tumor specimens were histologically confirmed and selected based on the availability of resected tissue and follow-up data and the lack of preoperative radiation or chemotherapy. Additionally, all samples were ethically approved for use based on informed consent, including 12, 72, 81, and 64 glioma cases classified as WHO I, WHO II, WHO III, and WHO IV (glioblastoma), respectively. Moreover, 41 normal brain tissue specimens, which were resected for the treatment of nonglioma diseases, were examined in this study. Patients whose cause of death was unknown and those who had received neoadjuvant and adjuvant therapy were excluded from our study. Our group of glioma patients included 125 (55%) men and 104 (45%) women, and the clinicopathological characteristics of the tumor sets are described in Tables [1](#T1){ref-type="table"} and [2](#T2){ref-type="table"}. The average follow-up duration was 35.59 months (median, 22 months; range, 1--142 months).
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Associations of CPEB4 Expression in Human Glioma Tissues With Different Clinicopathological Features
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Expression of CPEB4 Protein in 228 Cases With Brain Gliomas and 41 Cases of Normal Brain Tissues
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Tissue Microarray (TMA) Construction
------------------------------------

TMAs were constructed as described previously.^[@R9],[@R10]^ Briefly, formalin-fixed, paraffin-embedded tissue blocks and corresponding histological H&E-stained slides were overlaid for TMA sampling. A senior pathologist reviewed the slides to determine and label representative areas of viable tumor tissue. Triplicate 1.0-mm diameter cylinders of tissue were punched from selected tumor areas of individual donor tissue blocks and were reembedded in recipient paraffin blocks at defined positions using a tissue arraying instrument (Beecher Instruments, Silver Spring, MD) to control for tumor heterogeneity. The TMA block contained 229 glioma samples, including 12 WHO I, 81 WHO II, 72 WHO III, and 64 WHO IV samples. Subsequently, multiple sections were sliced from the TMA block and mounted on microscope slides. One section from the tissue array block was stained with H&E to confirm that the punches contained tumor tissue.

Immunohistochemistry (IHC)
--------------------------

Immunohistochemical analysis of CPEB4 expression was performed using a previously described standard technique.^[@R11]^ TMA slides were dried overnight at 37°C, dewaxed in xylene, rehydrated using a graded alcohol series, and immersed in 3% hydrogen peroxide for 20 minutes to block endogenous peroxidase activity. The slides were pretreated in antigen retrieval buffer (citrate buffer, pH 6.0, at 100°C for 2 minutes or EDTA buffer, pH 8.0, at 100°C for 2 minutes in a pressure cooker) and then incubated in 10% normal goat serum at room temperature for 10 minutes to reduce nonspecific reactivity. Subsequently, the TMA slides were incubated in a rabbit polyclonal antibody against CPEB4 (1:500; Cell Signaling Technology, Inc., Boston, MA) overnight at 4°C. The slides were rinsed 5 times with 0.01 M phosphate-buffered saline (PBS; pH 7.4) for 10 minutes, and the primary antibodies were detected with a secondary antibody (Envision; Dako, Glostrup, Denmark) for 1 hour at room temperature. Then, the slides were washed in PBS and stained with 3,3-diaminobenzidine (DAB). Finally, the sections were counterstained using Mayer\'s hematoxylin, dehydrated, and mounted. Nonneoplastic brain tissues were used as controls, and the anti-CPEB4 antibody was replaced with PBS alone as a negative control for immunohistochemical staining.

Clinicopathological Characteristics and Assessment of IHC
---------------------------------------------------------

Two pathologists who were blinded to the clinical data independently assessed the expression of the factors assessed via IHC. The scores of the 2 pathologists were compared, and any discrepancies were resolved via the reexamination of the sample by both pathologists to achieve a consensus score. The distribution of factor expression based on IHC was semi-quantitatively assessed by estimating the proportion and the intensity of positively stained tumor cells as demonstrated in previous studies.^[@R11]^ Briefly, the adjusted Allred scoring system was applied to evaluate the entire area of every slide via light microscopy. First, a proportion score was assigned using the following 4-point scale: 0, 0% to 5% positive tumor cells; 1, 6% to 25% positive tumor cells; 2, 26% to 50% positive tumor cells; 3, 51% to 75% positive tumors cells; and 4, \>75% positive tumor cells. The following 4-point intensity scoring system was used: 0, no staining; 1, weak staining, light yellow; 2, moderate staining, yellowish brown; and 3, strong staining, brown/black. A final immunoreactivity score was obtained for each case by multiplying the proportion and intensity scores. The scores for tumors with multiple cores were averaged. Protein expression was defined as negative (score = 0), weak (score = 1--6), or strong (score\>6). We stratified negative or weak CPEB4 protein expression into the low CPEB4 group and strong CPEB4 protein expression into the high CPEB4 group. The association of clinicopathological characteristics such as age, gender and tumor location, grade and recurrence with CPEB4 expression was analyzed.

Cell Culture
------------

The human glioma cell line SHG-44 (derived from a WHO II glioma), the human glioblastoma cell lines SKMG-4, U87, and T98 and the human lung carcinoma cell line A549 were provided by the State Key Laboratory of Oncology in South China. All cells were cultured at 37°C in 5% CO~2~ in DMEM (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% penicillin and streptomycin (Sigma, St. Louis, MO).

Western Blot Analysis
---------------------

Western blotting was performed in accordance with a previously described protocol.^[@R12]^ Cells were collected from flasks and washed 3 times with cold PBS. Tissue samples (3 glioma tissues and 1 normal brain tissue resected for the treatment of nonglioma disease) were ground with liquid nitrogen and lysed at 4°C for 30 minutes in lysis buffer (50 mM Tris, pH 7.4, 100 mM NaCl~2~, 1 mM MgCl~2~, 2.5 mM Na~3~VO~4,~ 1 mM phenylmethylsulfonyl fluoride, 2.5 mM EDTA, 0.5% Triton X-100, 0.5% NP-40, and 5 mg/mL each of aprotinin, pepstatin A, and leupeptin). The lysates were centrifuged at 10,000 *g* for 15 minutes at 4°C. Protein concentrations were determined using a BCA protein assay reagent kit (Pierce, Rockford, Milwaukee, WI, USA) according to the manufacturer\'s protocol. Forty micrograms of total protein were electrophoresed in a 10% denaturing sodium dodecyl sulfate (SDS) gel and transferred to a polyvinylidene difluoride (PVDF) membrane. The PVDF membrane was incubated in blocking buffer (PBS containing 5% nonfat milk) for 2 hours at room temperature, followed by incubation in a rabbit polyclonal antibody against CPEB4 (Cell Signaling Technology, Inc.) diluted 1:500 overnight with gentle shaking. The membrane was washed twice with PBS for 5 minutes and incubated in the secondary antibody horseradish peroxidase-conjugated goat antirabbit/antimouse immunoglobulin G (Santa Cruz Biotechnology, Dallas Texas, USA) diluted 1:2000 for 2 hours at room temperature. GAPDH was detected using a rabbit polyclonal antibody (Santa Cruz Biotechnology) as a loading control. The experiments were repeated 3 times.

Total RNA Isolation and Real-Time PCR
-------------------------------------

Total RNA was extracted from cells and tissues using Trizol reagent (Invitrogen, Thermo Fisher Scientific Inc. Waltham, MA, USA) according to the manufacturer\'s instructions. The RNA was pretreated with DNase, and single-stranded cDNA was synthesized using the SuperScript First Strand Synthesis System (Life Technologies, Thermo Fisher Scientific Inc. Waltham, MA, USA) according to the manufacturer\'s instructions. CPEB4 was used for real-time PCR to amplify the cDNA from 4 glioma cell lines, 1 lung carcinoma cell line and 4 patient tissues. All real-time quantitative RT-PCR reactions were performed using a SYBR Green master mix kit and an ABI PRISM 7500 sequence detection system. GAPDH was used as an internal loading control for quantitative RT-PCR. The nucleotide sequences of the forward and reverse primers for the CPEB4 gene^[@R6]^ and the GAPDH gene are listed in Table [3](#T3){ref-type="table"}.

###### 

Sequences of Primers Used in Polymerase Chain Reaction

![](medi-94-e0979-g003)

Statistical Analysis
--------------------

SPSS version 16.0 was applied for statistical evaluations. The relationship between CEBP4 protein expression and the clinicopathological characteristics of the glioma patients was estimated using the χ^2^-test, and Spearman\'s rank correlation analysis was used to analyze the correlation between the level of CPEB4 expression and the WHO grade. Overall survival (OS) was assessed using the Kaplan--Meier method, and the log-rank test was used to analyze the resulting survival curves. Multivariate Cox regression analysis was performed to identify the independent factors that significantly impacted patient survival. A probability value less than 0.05 (*P* \< 0.05) was considered to be significant.

RESULTS
=======

Relatively High Levels of CPEB4 Protein and mRNA Expression in Glioma Cell Lines and Tissues
--------------------------------------------------------------------------------------------

Western blotting and real-time PCR analyses revealed a clearly higher level of CPEB4 expression in 3 glioblastoma cell lines (SKMG-4, U87, and T98) than in a glioma cell line (SHG44). The human lung carcinoma cell line A549 was set as a positive control for comparison (Figure [1](#F1){ref-type="fig"}). Our results clearly demonstrated a relatively higher expression level of CPEB4 in freshly prepared high-grade glioma tissue samples B430 (WHO III) and B315 (WHO IV) than in the low-grade glioma sample B099 (WHO I). The level of CPEB4 expression was extremely weak in the adjacent nonneoplastic brain tissue B958 (Figure [1](#F1){ref-type="fig"}).

![The expression of CPEB4 in glioma samples based on real-time PCR and Western blotting. From left to right: the human glioblastoma cell line SKMG-4, the human glioma cell line SHG-44, the human glioblastoma cell line U87, the human glioblastoma cell line T98, the human lung carcinoma cell lines A549 (positive control), freshly prepared sample B430 (WHO III), freshly prepared sample B099 (WHO I), freshly prepared sample B315 (WHO IV), and freshly prepared sample B958 (normal brain tissue). (A) Expression of the CPEB4 protein in glioma cell lines and freshly prepared tissue samples. (B) Fold change in CPEB4 protein expression in glioma cell lines and freshly prepared tissue samples. (C) Fold change in CPEB4 mRNA expression in glioma cell lines and freshly prepared tissue samples.](medi-94-e0979-g004){#F1}

Overexpression of CPEB4 Proteins in Human Glioma Tissues Based on IHC
---------------------------------------------------------------------

The positive expression of CPEB4 was examined in 203/228 (89.04%) of gliomas in the examined cohort (1 case of WHO II was dropped from the TMA analysis), and we confirmed no or extremely weak CPEB4 expression in 2/41 (4.88%) normal brain tissue samples (Figure [2](#F2){ref-type="fig"} and Table [2](#T2){ref-type="table"}). Notably, positive CPEB4 expression was observed in 64/64 (100%) glioblastoma (WHO IV) samples (Table [2](#T2){ref-type="table"}). The expression of CPEB4 in high-grade glioma was higher than that in low-grade glioma, and highly positive CPEB4 expression in the glioma tissue was significantly associated with a more aggressive tumor phenotype. Spearman\'s rank correlation analysis revealed a positive correlation between high CPEB4 expression and the WHO grade (r = 0.774, *P* \< 0.01) (Figure [3](#F3){ref-type="fig"} and Table [2](#T2){ref-type="table"}).

![Representative sections of CPEB4 immunoreactivity in glioma and nonneoplastic brain tissues (left, ×20; right, ×400). The CPEB4 protein was primarily expressed in the cytoplasm, as demonstrated by brownish yellow staining.](medi-94-e0979-g005){#F2}

![The box plots demonstrate the range of CPEB4 expression (based on the immunohistochemical score) for each group (normal brain tissues, N = 41; low-grade glioma tissues, N = 92; and high-grade glioma tissues, N = 136).](medi-94-e0979-g006){#F3}

Association of CPEB4 Expression With the Clinicopathological Characteristics and the Survival of Glioma Patients
----------------------------------------------------------------------------------------------------------------

Table [1](#T1){ref-type="table"} summarizes the associations between CPEB4 protein overexpression and the clinicopathological characteristics of human glioma cases. The upregulation of CPEB4 protein was significantly associated with advanced WHO grade (*P* \< 0.01, Table [1](#T1){ref-type="table"}). No significant association of CPEB4 with age, gender or tumor location or recurrence was observed (all *P* \> 0.05, Table [1](#T1){ref-type="table"}). Kaplan--Meier plots showed that the total glioma patients with high CPEB4 expression exhibited significantly shorter OS (*P* \< 0.01) than those with low CPEB4 expression (Figure [4](#F4){ref-type="fig"}A). More importantly, high CPEB4 expression indicated a poorer survival in high-grade glioma patients (*P* \< 0.01) (Figure [4](#F4){ref-type="fig"}B) while it showed no statistical significance in low-grade glioma patients (*P* = 0.899) (Figure [4](#F4){ref-type="fig"}C). Moreover, we can confirm the correctness of the data for the fact that the OS of glioma patients with an advanced WHO grade (III--IV) was significantly lower than that of those with a low WHO grade (I--II) (Figure [4](#F4){ref-type="fig"}D). The patients with high or low CPEB4 expression exhibited a median OS duration of 21 and 76 months, respectively (*P* \< 0.01, log-rank test, Table [4](#T4){ref-type="table"}). Multivariate Cox regression analyses indicated that CPEB4 expression was an independent prognostic factor of poor survival in glioma patients. Other clinical parameters examined in the stepwise Cox proportional hazards model are presented in Table [5](#T5){ref-type="table"}.

![Kaplan--Meier survival curves of glioma patients. (A) The OS of all glioma patients with CPEB4 protein expression: high versus low. (B) The OS of high CPEB4 protein expression and low CPEB4 protein expression in high-grade glioma patients. (C) The OS of high CPEB4 protein expression and low CPEB4 protein expression in low-grade glioma patients. (D) The OS of glioma patients with high WHO grade (III--IV) was significantly lower than that of glioma patients with low WHO grade (I--II).](medi-94-e0979-g007){#F4}
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Univariate Analysis of CPEB4 Expression in Glioma Patients (Log-Rank Test)
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COX Multivariate Analysis of Clinicopathological Parameters and Overall Survival
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DISCUSSION
==========

CPEB is a highly conserved RNA-binding protein that promotes the elongation of the polyadenine tail of mRNA.^[@R13]^ CPEB participates in a series of important processes, including stem cell development, cell differentiation, cell senescence, and synaptic plasticity. CPEB4, which is located at chromosome 5q35.2, is a member of the CPEB family. The CPEB4 protein consists of 729 amino acids and exhibits a molecular weight of 80.2 kDa, and CPEB4 plays a key role in gene transcriptional regulation during tumor development. Ortiz-Zapater et al^[@R6]^ found that CPEB4 was overexpressed in pancreatic ductal adenocarcinomas, supporting tumor growth, vascularization, and invasion. CPEB4 is associated with a large number of CPE-containing mRNAs that are potential targets for tumor-specific translational regulation. Additionally, these investigators used CPEB4 shRNA to silence its expression and demonstrated that CPEB4 promotes tumor growth and vascularization in the T98 cell line and in the RWP-1 pancreatic ductal adenocarcinoma cell line.

The present study initially established that CPEB4 was expressed at a higher level in a panel of glioma cell lines and tissues than in a positive control cell line or in adjacent brain tissues. We next performed IHC to examine the dynamics of CPEB4 expression in glioma tissues of different stage based on complete follow-up data and in normal brain tissues. Our results demonstrated that the mean staining intensity of CPEB4 in glioma tissue, especially high-grade glioma tissue, was significantly greater than that in normal brain tissue. We found that CPEB4 was barely expressed in normal brain astrocytes (2/41, 4.9%). The positive expression rate of CPEB4 in the glioma cells was increased (203/228, 89.04%), and the positive expression rate of CPEB4 in glioblastoma cells was extremely high (64/64, 100%). CPEB4 upregulation was significantly associated with higher WHO grade. These observations strongly suggest that the evaluation of CPEB4 expression using IHC may enable the discrimination between glioma and nonneoplastic brain tissue. More importantly, our data showed that CPEB4 overexpression alone appeared to be an independent prognostic factor for OS in glioma patients, which suggests that the detection of CPEB4 may be valuable for the design of optimal individualized treatments and for the identification of patients who may or may not benefit from close monitoring after surgery. Nevertheless, the identification of the exact signaling pathway and the best use of CPEB4 as a marker to stratify cancer patients for personalized treatment remain critical goals. Additional research is required to confirm our findings. Recently, Peng et al^[@R14]^ demonstrated that dendritic cells transduced with a CPEB4 expression vector produced specific cytotoxic lymphocytes that lysed the syngeneic murine glioma cell line GL261 and that displayed increased IFN-γ secretion. These CPEB4-specific cytotoxic lymphocytes exerted no detectable lytic effect on autologous lymphocytes in vitro. These studies demonstrated that dendritic cells transduced with a CPEB4 expression vector exhibited enhanced antitumor function and induced antitumor immune responses in vitro and in vivo, providing great promise for the treatment of cancer, especially glioma, in the future. Zaccara et al^[@R15]^ confirmed that the CPEB4 gene was directed by p53 transcriptional targets and that p53 impacted its own translation fitness and functions via CPEB4. However, the impact of CPEB4 on p53 is unclear and hypothetical because it is based on results concerning the related CPEB1 protein.^[@R16]^ Chang and Huang^[@R17]^ found that CPEB4 interacted with the adaptor protein vinexin, affecting cell migration. Arsenite-activated JNK signaling enhanced the CPEB4--vinexin interaction to promote stress granule assembly and cell survival under stress. Additionally, Hu et al^[@R18]^ found that CPEB4 was strongly induced by the important erythroid-related transcription factors Gata1 and Tal1 and that 1 CPEB4 target gene is CDK6, an important protein in cell cycle regulation and cancer development. These investigators proposed that the control of CPEB4 gene expression during mammalian cell differentiation was essential for cell proliferation and apoptosis. However, the exact CPEB4 signaling pathway that is involved in cancer progression remains unknown.

In conclusion, our results strongly suggest that CPEB4 overexpression promotes glioma progression and that CPEB4 may serve as a biomarker of a more aggressive glioma phenotype. Our data identify the potential clinical value of CPEB4 expression assessment, which will aid in the prediction of clinical outcomes of glioma patients.

Abbreviations: CPEB4 = cytoplasmic polyadenylation element binding protein 4, IHC = immunohistochemistry, OS = overall survival, TMA = tissue microarray, WHO = World Health Organization.
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